Geoscientific methods are being increasingly utilised by forensic search teams for the detection and location of clandestine burials (1) (2) . Clandestine graves of murder victims are usually shallow, less than 3 m and typically 0.5 m below ground level or bgl (3, 4) , but current detection rates are low and, without locating the victim's body, obtaining a successful conviction is more difficult (5, 6) . Search investigators will typically use a variety of methods, which include scenario-based, feature focused, intelligence-led and systematic Standard Operating Procedures (SOPs) (5, 6) . SOPs require investigators to follow sequential workflows, from reviewing case information, sourcing background / intelligence information and remote data analysis.
This process occurs before determining search strategies, undergoing site reconnaissance and phased site investigations, and then intrusively investigating anomalous areas (1, 5, 8) . Geoscientific site investigation methods vary depending upon the specific case, search site and numerous other factors that are reviewed elsewhere (1) , but can include scent-trained human remains detection dogs (7) (8) , forensic geomorphology (9-10), forensic botany (11) (12) and entomology (13) (14) , near-surface geophysics (15) (16) (17) (18) (19) (20) (21) (22) , intrusive probing (10, 23) and soil geoscience analysis (24) (25) (26) .
There has been extensive taphonomy research on estimating the post-mortem interval (PMI) of very recently deceased individuals discovered above-ground that has been reviewed elsewhere (27) , commonly using body cadaver temperatures (28) (29) , entomology (30) and entomofauna (31) and thanatochemistry (32) . For longer deceased individuals, other common PMI dating methods include tissue decomposition (33) , skeletal remains (34) and tooth odontology (35) .
Below-ground decomposition rates of discovered individuals has been shown to be highly variable (36) , depending upon organic content (37) , various local environmental factors such as soil type (38) (39) (40) (41) and organism accessibility (42) to name but three, and note that the PMI may be different to the Post-Burial Interval (PBI).
The presence of a decomposing cadaver on the surrounding soil has also been shown to be detectable, for example, elevated levels of elements with respect to background values (24, 25, 37) , phosphates and nitrates (44) , ninhydrin reactive nitrogen (25, 45) , volatile organic compounds (24, 37, 46) and pH (44, 47) . Other items such as materials associated with a grave have also been suggested to allow a PBI to be estimated (39, 48) .
Although relatively poorly understood, 'grave soil' has been shown to be detectable by near-surface geophysical search methods, specifically electrical resistivity (21, 18, 49 ) and it's reciprocal, bulk ground conductivity (17) . Geophysical research using simulated clandestine grave burials can provide critical information, for example, on optimal geophysical detection methods and equipment configurations (15, (50) (51) (52) , as well as providing continuous datasets for comparison with real cases (50, (53) (54) (55) . Recent research has found that electrical resistivity anomalies over burials are predominantly due to conductive fluids in grave soil that vary temporally (27, 50, 56 ) that may be due to decomposition (Fig. 1) . It has been shown that it is possible to repeatedly extract in situ decomposition fluids from both a buried pig cadaver and background soilwater, without the need for repeated disturbance or numerous replicants as other authors have done. The resulting fluids can be simply analysed for conductivity using a hand-held meter, with initial results of a pilot two year monitoring study showing promise (27) . conductivity monitoring data of a U.K. simulated clandestine burial. Results will then be used to generate linear regression curves to correlate measurements against PBI.
Secondly the same experiment will be conducted over a shorter time period at two other U.K. academic study sites to assess the method's robustness and variability in different soil and bedrock types. Thirdly all results will be corrected for local major climate variations (temperature and rainfall) to allow direct comparisons for other studies and search teams to utilise.. Fourthly and finally the potential for detecting clandestine burials using this method is discussed.
Methodology

Study test sites
Three U.K. University test sites in different parts of the country were employed for this study, all in temperate climates that were typical of the U.K.
The University of Central Lancashire (UCLan) test site in Lancashire was situated in a dedicated research facility off campus in a rural environment on peat moorland (Fig.   2 ). The site lies ~300 m above sea level. The local soil was determined onsite to be a dark brown, organic-rich hill peat with interbeds of silt and sand. Nearby records (57) indicated the Carboniferous (Westphalian) Pennine Lower Coal Measures Formation comprising a mixture of sandstone, mudstone and coal bedrock was present at least 4 m below ground level (bgl). This site has been used for several decomposition studies prior to this (58, 59) , albeit spatially far enough away and downslope of the area to prevent any potential contamination issues; initial 'grave' soilwater conductivity values were also the same as for the control.
The Keele University test site in Staffordshire was situated in a restricted area in grassed semi-rural ground surrounded by deciduous woodland and hedges (Fig. 2) .
The site lies ~200 m above sea level. The local soil was determined onsite to be a sandy loam with nearby borehole records (27) indicating the Carboniferous (Westphalian) Butterton Sandstone bedrock was present ~2.5 m bgl. This site has also been previously used for a forensic geophysical study (27) but again these were situated far enough away and downslope to avoid any potential contamination issues; initial 'grave' soilwater conductivity values were also the same as for the control. The preliminary two years of results were published (27) .
The Cranfield University test site in Oxfordshire was situated in a restricted area on the Shrivenham campus in cleared semi-urban ground surrounded by deciduous woodland and hedges (Fig. 2) . The site lies ~80 m above sea level. The local soil was determined to be a mixed made-ground and sandy loam with nearby records (60) indicating Jurassic Oxford Clay Formation and Corallian Limestone bedrock both present at shallow depths bgl.
Simulated graves
For consistency, the simulated graves at all three sites ( (3) respectively). The use of pig cadavers as human analogues is well established in forensic science studies as they have similar chemical compositions, body sizes, tissue:body fat ratios, and skin ⁄ hair type to humans (50, 41, 61) . The use of pig cadavers at these sites had been approved by DEFRA and the respective University Ethics Committees.
A soilwater sample lysimeter was placed within each grave between the pig cadaver and the grave wall (Fig. 3) . The porous end cap of each model 1900 (SoilMoisture Equipment Corporation™) soilwater lysimeter were vertically inserted into a mixture of water and excavated soil which ensured good hydraulic conductivity between the grave and the lysimeter following standard practice (62). The simulated graves were then back-filled using the excavated soil and the overlying grass sods were then replaced. Control site lysimeters were installed ~10 m away from each grave by digging narrow holes (~0.3 m x ~0.3 m) to ~0.5 m bgl and following the sample lysimeter emplacement procedure described above. These control lysimeters were placed far enough away and up-slope of the simulated graves to avoid any potential contamination with grave fluid (Fig. 2) . Once installed, the exposed top of each lysimeter were sealed with a rubber stopper (Fig. 3 ) and a vacuum pump was employed to generate the established lysimeter suction of 65 KPa13, in order for the instrument to draw fluid from the surrounding soil.
Sample collection and measurements
Two days before a sample was extracted, rubber stoppers from the respective lysimeters were removed and any fluid present extracted using a plastic syringe with a narrow tube attachment. This was to ensure that the analysed fluid had an accurate post-burial date when measured. The lysimeters were then resealed and repressurised as previously described. On the day of sampling (usually monthly, see Tables 1-3) , the extraction procedure was repeated but any fluid was placed in a labelled plastic sample bottle; a portable WTW Instrument multi-line P4 temperaturecalibrated conductivity meter (6) was then immediately placed in the bottle and three conductivity values obtained; an average was therefore derived (Fig. 3) . If no sample was present, this was recorded.
Climatological data
The closest weather stations run by the U.K. Meteorological Office were used to obtain average daily rainfall and air temperature readings over the respective monitoring periods (Tables 1-3 ). These were situated ~2.4 km (Bacup), ~0.2 km (Keele), and ~3 km (Sevenhampton) away from the UCLan, Keele and Cranfield University study sites respectively. Keele University operates the Keele meteorological weather station which is close to the study site and recorded temperate weather patterns (Fig. 4) . It recorded monthly minimum, maximum and average total rainfall of 2.6 mm, 167 mm and 64 mm respectively over the 2,004 day study period.
The corresponding values recorded for UCLan were 23 mm, 278 mm and 126 mm respectively over the 610 day study period. Cranfield recorded 17 mm, 138 mm and 68 mm respectively over the 475 day study period.
The daily average temperatures from each site were used to convert post-burial days to Accumulated Degree Days (ADDs) (see 37). ADDs correct for local site temperature variations by weighting each day by the average daily temperature and then giving each burial day an ADD value. Therefore, for a 2-day period, in which the average temperature of the first day was 12 ºC and the second day was 15 ºC, the ADD value for those 2 days would be 27 ADDs. Tables 1-3 summarises these datasets.
Calculated monthly total rainfall (mm) data from all three sites were also used to obtain yearly monthly rainfall averages as well as obtaining yearly monthly rainfall averages for England over the study period from the U.K. Meteorological Office. Table 4 lists these datasets. The rainfall datasets were used to correct the measured soilwater measurements for local rainfall variation; conductivity values were multiplied by a rainfall correction factor, which was calculated by dividing the average monthly rainfall for England in a given year by the average monthly rainfall for the local area in the same year. Correction for rainfall was important as relatively high rainfall rates could potentially dilute grave soil water and hence reduce the measured conductivity values and relatively low rainfall rates would effectively concentrate grave soil water and hence increase measured conductivity values.
Results
All measured climatological data from the three field sites showed cyclical seasonal variations in temperature as would be expected in a northern hemisphere climate, with winter months being colder and wetter compared to warmer and dryer summer months (Fig, 4) . However, there were significant variations between monitoring years, for example, the first three summers of the Keele study were warmer than subsequent summers, with rainfall in particular being variable between years (Fig. 4) .
The field soilwater measurement results from the Keele test site (Fig. 5A ) evidenced consistent background conductivity values over the 2,004 day study period (averaging 411 ± 0.1 mS/cm). The grave conductivity values (see Table 1 The field soilwater measurement results from the UCLAN test site (Fig. 5A) evidenced consistent background conductivity values over the 511 day study period (averaging 331 ± 0.1 mS/cm). The grave conductivity values (see Table 2 ) rapidly increased from 570 ± 0.1 mS/cm (12 days) up to 17,300 ± 0.1 mS/cm (344 days), albeit being relatively constant at ~5,000 ± mS/cm between 181 to 287 days PBI.
Measured grave conductivity then gradually decreased to 14,000 ± 0.1 mS/cm at the end of the study period (511 days). A few months were not collected during the study period but this did not affect the overall trends.
The field soilwater measurement results from the Cranfield test site (Fig. 5A) evidenced consistent background conductivity values over the 264 day study period
(averaging 829 ± 0.1 mS/cm). The grave conductivity values (see Table 3 ) rapidly increased from 674 ± 0.1 mS/cm (22 days) up to 24,625 ± 0.1 mS/cm (117 days), before rapidly decreasing to 10,987 ± mS/cm at the end of the study period (264 days). A few months were not collected during the study period but this did not affect the overall trends.
Each local study site temperature variations, which directly impact decomposition rates (4), were removed from raw conductivity values by converting Post-Burial (day)
Interval (PBI) to Accumulated Degree Days (ADD) as detailed in the methods. Local study site rainfall variations, which impacts conductivity values as relative higher rainfall rates will reduce measured conductivities, were also removed by calculating each of the the respective site's monthly average rainfall during the study and then correcting these by percentage changes against the England average monthly rainfall (Table 4 ). The resulting climate-corrected Keele site data showed a much improved 5 set of linear correlations (Fig. 5B) , with the other two study sites also showing a good comparison of conductivity results with the Keele study results over the same postburial time periods (Fig. 5B ). This method also accounted for the different respective 
Discussion
Every search for a murder victim in a clandestine burial is unique: the conditions (e.g. the local soil type, vegetation, climate and potential depositional environment) and factors relating to the burial (e.g. the victim's body size, burial depth bgl and season of deposition) will vary from case to case (1, 3, 4, 50) . These factors will affect both successful detection of a clandestine burial and the determination of the PBI; the latter has, to-date, proved difficult to estimate when a grave is discovered (37, 63, 64) . These three studies have demonstrated that measuring 'grave' soilwater conductivity it is a relatively robust geoscientific method to obtain a PBI date of a discovered clandestine burial up to ~1,600 days / ~13,500 ADDs after burial. The importance of correcting measured conductivity values for local rainfall and temperature information has also been shown to be critical from this study (Fig. 4) . It is difficult with current methods to estimate a PBI after an individual is skeletonised (1, 3, 27) and this proposed simple method may thus prove very beneficial to analyse by forensic recovery teams. Comparison of a pilot (66) and this study preliminary (27) results has also noted that cadaver size did not have a significant effect on measured 'grave' soilwater conductivity measurements.
To test whether this could be used as a dating method, this was demonstrated with an early simulated clandestine burial study (27) , where a domestic pig cadaver was 'discovered', the measured conductivity value resulting in a ~10% date discrepancy between calculated and actual PBI over the 6 monthly monitoring period. It should be noted that a measured conductivity value could potentially give two PBI burial dates (cf . Fig. 5 ); but this may be still narrow down the PBI and may be more information than forensic investigators would otherwise have.
Having conducted the same experiment in three U.K. study sites, with different local soil types, depositional environments and climates over different temporal periods, but still having obtained reliable geoscience datasets, the method described gives confidence that it is robust. Note however that there was some variability between comparable corrected results with the three study sites, which may be due to the differing depositional environments and soil types.
These studies have demonstrated that 'grave' soil water can clearly be differentiated from background soilwater by measuring soilwater conductivities and therefore this has the potential to also be a useful clandestine grave detection method. This dataset shows clear grave soil conductivity changes over time, with the most rapid changes occurring from burial up to ~300 days / ~3,000 ADDs after burial. This change is most likely due to decomposition changes (4,33) (Fig. 1) . Forensic search teams could potentially detect clandestine graves by initially measuring conductivities in surface water downslope / downstream of identified potential burial site(s) as (5) and (2) Remaining unknown variables will be case specific, but could include any delay between death and burial (e.g. storage), style of burial (50) and removal and reburial of the body or bodies (68) . Other decomposing remains (e.g. animal burials) may also interfere with results. The proposed method could also be applied to determine the post-burial interval for other organic material, for example, illegal animal burials (69) or landfill leachate plumes (1).
Conclusions and further work
This long-term research project regularly extracted soilwater from three simulated clandestine burials in different soil and bedrock types and depositional environments in the UK. This has produced datasets of temporal varying conductivities over 6 years, evidencing relative rapid increasing of'grave' soilwater conductivities up to 2 years post-burial, before declining to background conductivity values after 4. 
FIG. 4.
Graphical climate summary of rainfall (bars) and temperature (line) data from Keele University weather station, from our data and previously published data (3, 6) .
FIG. 5. Measured fluid conductivity results showing (A) Keele test site and (B)
corrected for both temperature and monthly average rainfall (see text). Comparison data from Cranfield (crosses) and UCLan (squares) study sites also shown. are from our new data and previously published data (3, 6) . No sample = no fluid was able to be extracted. Stated measurements are averages with a ± 0.1 mS/cm accuracy.
